We present a review of the antineutrino spectra emitted from reactors. Knowledge of these and their associated uncertainties are crucial for neutrino oscillation studies. The spectra used to-date have been determined by either conversion of measured electron spectra to antineutrino spectra or by summing over all of the thousands of transitions that makeup the spectra using modern databases as input. The uncertainties in the subdominant corrections to beta-decay plague both methods, and we provide estimates of these uncertainties. Improving on current knowledge of the antineutrino spectra from reactors will require new experiments. Such experiments would also address the so-called reactor neutrino anomaly and the possible origin of the shoulder observed in the antineutrino spectra measured in recent high-statistics reactor neutrino experiments.
INTRODUCTION
Nuclear reactors are intense, pure, and controllable sources of low energy electron antineutrinos. They have been frequently, and very successfully, used in studies of fundamental neutrino properties. They will continue to play this role in the foreseeable future. It is, therefore, important to understand the correspondingνe flux, its energy distribution, and the associated uncertainties in as much detail as possible. Here we review the work devoted to this issue.
The existence of neutrinos was suggested by Pauli already in 1930, in order to resolve the then apparent energy and angular momentum non-conservation in nuclear beta decay. Yet, the proof that neutrinos are real particles had to wait until 1953-1959, when Reines and Cowan (1, 2) detected the electron antineutrinos emitted by a nuclear reactor. That fundamental experiment was the beginning of the field of neutrino exploration using reactor antineutrinos.
The most important discovery in neutrino physics to-date is the existence of neutrino oscillations and by consequence the finite, albeit very small, rest mass of the neutrino. To explore oscillations with the early reactor experiments detectors were placed at distances L ≤ 100 m (3, 4, 5, 6, 7, 8, 9, 10) and the observedνe spectra were compared with that expected, the latter being based on the then accepted evaluation. Neutrino oscillations, i.e. variation of the spectrum with the distance from the reactor, were not observed in these short baseline experiments, in agreement with our present knowledge of the three-neutrino oscillation phenomenology. Later reactor experiments (11, 12, 13) at larger distances (∼ 1 km) established an important upper limit for the mixing angle θ13, showing that this mixing angle is substantially smaller than the other two mixing angles, θ12 and θ23, the latter being reasonably well determined at that time. Interpretation of results from these pioneering experiments was directly dependent on knowledge of the reactor neutrino flux and spectrum.
More recent, and still running, reactor neutrino experiments (14, 15, 16, 17, 18) are devoted primarily to the determination of the mixing angle θ13 with the characteristic distance from the reactor of ∼ 1 km, i.e., near the corresponding oscillation minimum. In order to avoid, or substantially reduce, dependence on detailed knowledge of the reactor spectrum, these experiments use two essentially identical detectors, with one or more placed relatively close to the reactors and the other one (or several) further away. By comparing the signals at two distances it became possible to determine the oscillation signal corresponding to the angle θ13 with very good accuracy. The detectors employed in these experiments are substantially larger than those in the previous generation of experiments and, thus, the statistical accuracy of the spectrum determination is substantially better. Although not the original intent, these modern experiments provide a detailed test of the absolute reactor νe flux and energy spectrum, and they raise new questions about our understanding of the expected spectra.
For precision reactor neutrino studies accurate knowledge of the reactor neutrino flux and spectrum is important. This issue became more pressing with the reevaluation of the spectra in 2011 in Refs. (19, 20) , which resulted in the upward revision of the expected reactor antineutrino signal by ∼ 6%. These revisions suggested that all above mentioned experiments are missing approximately 6% of the signal, independent of the distance from the reactor, beginning at L ≥ 10 m. This shortfall has become known as the "reactor anomaly" and it has been interpreted (21) as a possible indication of the existence of an additional, fourth, necessarily sterile, light neutrino of mass O(1 eV), that becomes observable through subdominant mixing with the active neutrinos. If confirmed, this would be a discovery of fundamental importance. However, the sterile neutrino interpretation of the anomaly hinges on the accuracy of the expected reactor neutrino flux.
NUCLEAR REACTORS AS ELECTRON ANTINEUTRINO SOURCES
Nuclear reactors derive their power from the fission of U and Pu isotopes and from the radioactive decay of the corresponding fission fragments. The beta decay of the fragments is the source of the electron antineutrinos. The total antineutrino spectrum can be expressed as a sum over the spectra for the dominant fissioning actinides,
where fi is the number of fissions from actinide i and dNi/dEν is the cumulativeνe spectrum of i normalized per fission. Thus, as a first step, the parameters fi must be determined, which requires detailed information from the reactor operator, including the total thermal power and the linear combination of actinides contributing to the power. The total reactor thermal energy W th and the parameters fi are related through
where ei is the effective thermal energy per fission contributed by each actininde i. In power reactors 99.9% of the power comes from the fission of 235 U, 239 Pu, 241 Pu and 238 U, and only these isotopes are considered. The corresponding effective energies per fission are determined from the energy released in fission, minus the energy carried off by the antineutrinos, plus the energy produced by neutron captures on the reactor materials. The evaluated (22, 23, 24) energies, ei, are given in Table 1 . The corresponding estimated uncertainties are 0.25-0.5 %.
The data for W th are usually available as function of time, while fi, which are typically expressed as the relative fractions fi/F , where F is the total number of fissions, are obtained by (often proprietary) simulations. The neutrino spectrum in eq. (1) can be expressed as
www.annualreviews.org • Reactor Neutrino Spectra In writing eq.(3) we are implicitly assuming that long-lived fission fragments not decaying in equilibrium have been corrected for. This issue is discussed in more detail below. There can also be contributions to the antineutrinos emitted from the reactor complex from the radioactive spent fuel stored there. This correction, which involves low-energy antineutrinos, is taken into account in oscillation experiments using inventory information supplied by the power company. In order to determine the uncertainty in theνe spectrum, it is necessary to determine the uncertainties in W th and in fi/F , as well as their correlations. The thermal power of a reactor is most accurately determined by temperature measurements in the coolant and the calculation of water flow rates and the energy balance around the reactor vessel or steam generator. It has been estimated, e.g. in Ref. (25) and in the references quoted there, that the total uncertainty can be as low as ∼ 0.5-0.7%, although more typically values of the order of 2% are quoted for W th , and government regulations often allow a safety margin at this higher level.
Fuel management, i.e, fuel recycling and the repositioning of fuel rods within the reactor core, is quite reactor design specific. For example, CANDU reactors involve frequent recyling of fuel and the fuel composition fi is kept close to constant. In pressurized water reactors, on the other hand, during each reactor cycle, which typically lasts about a year, the fuel composition is constantly changing; the 235 U is being depleted, Pu is being bred, and the Pu fission fraction is increasing. Though it represents the vast majority of the fuel, 238 U only contributes ∼ 10% of the total fission because it is a threshold fission actinide, and the percentage of fissions from 238 U varies very slowly. The fraction of fissions from 238 U depends on the enrichment of the fuel and on the ratio of the thermal to fast neutron flux, which are two anti-correlated parameters in the reactor design. Fig. 1 shows the variation in the fuel fission fraction fi/F as a function of burnup, GWdays per metric ton of in-going uranium fuel, which is equivalent to number of fissions. The left panel of this figure is for fresh 2.7% 235 U fuel. If the fuel enrichment is increased, the shape and magnitudes of the curves do not change signifcantly, rather the scale on the x-axis is expanded (right panel of Fig. 1 ), e.g., the burnup at which the fraction of fissions from 239 Pu overtakes that from 235 U is higher for higher enrichment. In standard pressurized water reactors, at the end of each cycle about one-third of the fuel rods (those that have been burned for three cycles) are replaced with fresh fuel, and the position of many of the remaining partly burned rods is changed in order to keep the neutron flux across the reactor as close to flat as is possible. The average fuel composition as a function of time is simulated by detailed reactor burn codes, that often include a Monte Carlo treatment of the neutron transport. The codes are normally specific to the reactor Figure 1 The evolution of the fuel composition for a pressurized water reactor over the reactor cycle, from Nieto et al. (26) . The x-axis, GW-days per metric ton of in-going uranium fuel, is proportional to the number of fissions. As the fuel enrichment increases, the burn curves to not change significantly, rather the scale on the x-axis becomes expanded.
in question and checked and fine tuned by comparisons to spent fuel isotopics. For this reason, operators can quote the fractions fi/F to higher accuracy that would be possible by independent untuned simulations, where isotopics of major actinides in spent fuel are reproduced at the ∼ 3% level and that of fission fragments considerably less accurately. The magnitude ofνe spectra from the fisision of different actinides are different, the total contribution per fission from 235 U is about 45% higher than from 239 Pu and about 60% lower than 238 U. Thus, the total antineutrino signal per fission can change during the reactor burn cycle. However, that variation is relatively small, and the uncertainty related to the uncertainties in fi/F is less important than the uncertainty in the reactor thermal power W th .
The typical variation in the antineutrino signal as a function of burnup for a pressurized water reactor is shown in Fig. 2 . The data agree quite well with the prediction and the The change in the total number of antineutrnos emitted over the course of a reactor fuel cycle for a pressurized water reactor, resulting from the in-growth of 239 Pu, from Bowden et al. (27) overall effect is an ∼ 10% decrease of the count rate during a fuel cycle of about 550 days. This decrease, caused by the changes of the fuel composition, has to be quantitatively accounted for in oscillation experiments. Assuming that the reactor power or neutron flux is known independently, this change can also be used for remote monitoring of the operational status of a nuclear reactor. The issues determining the expected antineutrino spectra and their uncertainties for a declared burn history are key to the subfield of so-called "Applied Antineutrino Physics" (28) , and they are clearly intimately related to the issues of this review. However, we will not discuss this application in any detail here.
In fission each actinide nucleus is split into two, usually unequal mass, fragments. In the case of 235 U, for example, the double hump mass fragment distribution peaks at A = 94 and 140, respectively. The stable nuclei with those masses are 94 Zr and 140 Ce that have 98 protons and 136 neutrons together. The initial system has, however, 92 protons and 142 neutrons. To reach stability, therefore, six neutrons have to transformed into six protons. That can be accomplished only by weak interaction β decays, in which six electrons and six electron antineutrinos are emitted. This is a general result for all reactor fuels; there are ∼ 6νe per second emitted per fission, so a typical reactor emits ∼ 6 × 10 20 electron antineutrinos per each GW of the thermal energy power. The cascade of β decays of the fission fragments is a consequence of the general increase of the neutron to proton ratio with increasing mass. The fission fragments, with masses near half of the initial nuclear mass, are neutron rich and hence they β decay, with a typical cascade of three decays each.
The β decays, the source of the reactorνe, are not instantaneous; they have finite lifetimes. As a consequence the spectrum requires certain time interval from the beginning of the fission process to reach a steady equilibrium. The time needed to reach equilibrium is different forνe of different energies, typically being shorter for higher energies.
When using the reactor neutrinos to study neutrino oscillation, the neutrino capture on protons,νe + p → e + + n is almost exclusively used for neutrino detection. That reaction has a threshold, in the laboratory frame where the protons are at rest, E thr = [(Mn +me) 2 −M (29) .
For 235 U above ∼ 3 MeV of the neutrino energy equilibrium is reached within one day. However, at the detection threshold it takes about 100 days to reach 1% stability. When testing the spectra using shorter irradiation times it is therefore necessary to correct for such off equilibrium effects.
THEORETICAL DETERMINATION OF THE REACTORν e FLUX AND SPECTRUM
There are two complementary ways to determine the expected electron antineutrino spectrum of a nuclear reactor, the 'ab initio' summation and the electron spectrum conversion methods.
Assuming that the thermal power W th , the normalized fission fractions fi/F , and the energy per fission ei of each fissioning isotope i are known or determined, the totalνe spectrum in eq. (3) requires detailed knowledge of the individual fission spectra dNi/dEν for each of the four fuels ( 235 U, 238 U, 239 Pu, and 241 Pu). It is usually assumed that these individual spectra depend only on the nuclear properties of the fissioning isotopes and their fission fragments for thermal (0.025 eV) neutron fission in the case of 235 U, 239 Pu and 241 Pu, and fast fission for 238 U. This might not be completely accurate, since the fission fragment yields, i.e. the distribution of the fission fragments, depends to some extent on the reactor dependent energy shape of the neutron flux. Keeping this caveat in mind, we next discuss how the spectra dNi/dEν are determined.
In the 'ab initio' approach the aggregate fission antineutrino spectrum is determined by summing the contributions of all β-decay branches of all fission fragments
where Yn(Z, A, t) is the number of β decays of the fragment Z, A at time t, and the label n characterizes each fragment by whether it is in its ground state or an isomeric state. After sufficient burn time the quantity Yn converges to the cumulative fission yield and is independent of time. Most fission fragments are produced by two mechanisms; first they are produced directly in the fission process with a so-called independent yield, and second they are produced as the beta-decay daughter of a more neutron-rich fission fragment of the same mass number. The sum of the independent and beta-decay production of a fission fragment is its cumulative yield, and, once in equilibrium, the cumulative yield determines the contribution of a given fragment to aggregate fission antineutrino spectrum. The branching ratios bn,i(E i 0 ) are characterized by the endpoint energies E i 0 . They are normalized to unity, Σibn,i(E i 0 ) = 1, unless the fragment decays by an additional mode other than beta decay. Finally, the function Pν (Eν, E0, Z) is the normalizedνe spectrum shape for the branch n, i. An analogous formula holds for the corresponding aggregate fission electron spectrum, where Eν in the individual spectra P must be replaced by Ee = E i 0 −Eν, since the nuclear recoil can be neglected within the accuracy considered here. Fig. 3 shows the antineutrino spectrum predicted by the summation method, using the JEFF-3.1.1 (30) database fission fragment yields and the ENDF/B-VII.1 (31) decay library. The ENDF/B-VII.1 decay library used here is that up-dated in ref. (32) to improve important issues with the older database pointed out in (33). The antineutrino spectra for the four actinides determining the total antineutrino flux emitted from reactors. The fission yields were taken from JEFF-3.1.1 and the decay data, included the modeled data for unmeasured spectra, from ENDF/B-VII.1.
In applying the summation technique and eq. (4) several sources of uncertainty arise. The fission yields Yn have been evaluated by several international database groups, but for many important fragments the yields involve large uncertainties. The branching ratios bn,i are also not known for all fragments, and nor are the quantum numbers (spins and parity) of all of the initial and final states. The shape of the β decay spectrum P is well known for allowed transitions (∆I ≤ 1, πiπ f = 1) transitions. For neutron rich fission fragments all of the allowed transitions are Gamow-Teller transitions, determined by the operator στ . However, ∼ 30% of the transitions making up the aggregate spectra are known to be so-called first forbidden transitions, (∆I ≤ 2, πiπ f = −1), and involve nuclear structure dependent combinations of several more complicated operators. In the cases of some first forbidden operators, the spectra involve shapes that are noticeably different from those for allowed transitions, as described in the subsection 3.2. Finally, there are important, albeit small, corrections to the beta-decay spectra arising from radiative, nuclear finite size, and weak magnetism effects, and these can also depend on the details of the transition, as described in the subsection. 3.1. The difficulties of the 'ab initio' method, and the corresponding uncertainties are described in the next section and in the section on uncertainties.
The second method of determining the spectra dNi/dEν begins with the experimentally measured aggregate electron spectrum associated with the fission of each individual actinide i. The electron spectrum for thermal neutron fission of 235 U, 239 Pu and 241 Pu were measured at ILL, Grenoble, France in 1980's (34, 35, 36) . The results were republished with a finer grid of electron energies recently in the Ref (37) .
238 U fissions only with fast neutrons; its electron spectrum was measured much later at the neutron source FRMII in Garching, Germany (38) . These experimentally determined electron spectra are automatically summed over all fission fragments and the corresponding β-decay branches, so no information on the fission yields and branching ratios is needed. It is necessary, however, to convert them into thē νe spectra. It is also necessary to make the relatively small correction for the fact that the electron spectra were determined before full equilibrium was reached.
To convert a measured aggregate electron spectrum into an antineutrino spectrum, the spectrum is binned over an energy grid, with the grid defining a set of virtual end-point energies E i 0 . The total aggregate spectrum is then fitted in terms of the amplitudes ai for each virtual end-point energies, dNi/dEe = ΣiaiP (E, E i 0 , Z). In principle, the position of the virtual end-point energies can also be part of the fit. Thus, the aggregate electron spectra, which have been measured in the energy window (∼ 2 − 8.5 MeV), are described by a sum of virtual β-decay branches of assumed spectral shapes. The conversion to the antineutrino spectrum is then simply accomplished by replacing the energy Ee in each branch by E0 − Eν. The procedure guaranties that the experimental electron spectrum is well reproduced. It is also straightforward to test whether the convergence on the number of energy intervals is achieved, which typically requires less than 30 intervals. However, the convertedνe depends to some degree on the assumptions made about the spectrum shapes Pi, whether they correspond to allowed or forbidden transitions, their Z dependence, and the form of the corrections arising from nuclear finite size and weak magnetism. An example of the uncertainty in the converted spectrum is shown in Fig. 4 . There can also be some dependence on the endpoint energies E i 0 . To avoid sizable systematic errors when converting the electron spectrum it is necessary to use the data bases and evaluate the dependence of the average nuclear charge Z on the endpoint energy discussed in (20, 39) .
A hybrid combination of these two methods has been also used (19) , in which equation (4) is used for the fission fragments and β-decay branches where experimental data are available. Both electron andνe spectra for this large subset of fission fragments are then evaluated. The difference between the measured electron spectrum (34, 35, 36) and the 
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Huber Schreckenbach Figure 4 The antineutrino spectrum for 235 U derived by converting (20, 34) the measured (34) electron spectrum. The difference in the two derived spectra arises from differences in the assumptions made about the subdominant corrections to beta-decay. The uncertainty in the theoretical form of these corrections, discussed below and summarized in Table 3 , are sufficently large that direct experimental measurements will be necessary to determine the correct normalization of the antineutrino spectra to this accuracy. evaluated partial electron spectrum is then converted into theνe spectrum by the fitting procedure. This hybrid method has the advantage of taking account of the measured properties of a large subset of the fission fragments, and using experimental data to determine the energy dependence of forbidden transitions and the Z dependence of Pi.
In any of the methods, a necessary condition is a good understanding of the shape factors Pν(Eν, E i 0 , Z) of the individual β decays, including nuclear charge Z and the end-points E i 0 , as well as the role of the allowed versus forbidden transitions.
Corrections to the β decay electron andν e spectrum for the allowed β transitions
The β-decay spectrum shape can be expressed as
where K is the normalization factor (the function P must be normalized to unity when integrated over Ee and used in eq. (5)). peEe(E0 − Ee) 2 is the phase space factor, F (Z, Ee) is the Fermi function that takes into account the effect of the Coulomb field of the daughter nucleus on the outgoing electron, and the shape factor C(Z, Ee) accounts for the energy or momentum dependence of the nuclear matrix elements. For the allowed decays, C(Z, Ee) = 1. Finally, the function δ(Z, A, Ee) describes the subdominant corrections to the spectrum shape, to be discussed in detail below.
3.1.1. The Fermi Function. The Fermi function F (Z, Ee) replaces the plane wave solution for the out-going electron with a Coulomb wave. It is straightforward to calculate F under the assumption of a point nuclear distribution, which leads to a Fermi function of the form,
where γ = 1 − (αZ) 2 and y = αZEe/pe. Here R is the cut-off radius, normally taken to be the radius of the nucleus in units of the electron Compton wavelength. The point Fermi function leads to a logarithmic divergence at R = r = 0 in eq.(6). Of course, for a nucleus with a finite charge radius the solution to the Dirac equation for the wave function of the out-going electron is finite everywhere. . The result depends on both the charge and weak densities. If the weak and charge densities are assumed to be the same ρW = ρCH the finite size correction can be expressed (41) in terms of the first Zemach moment (42) r (2) , and is given in ref. (43) as,
The Zemach moment,
is the first moment of the convoluted nuclear weak isovector transition density and electromagnetic ground state charge densities. Though the expression in eq. (7) is exact to order αZ, some assumption must be made about ρW and ρCH in calculating r (2) . Behrens et al. (44) solved the finite size problem numerically, including higher order terms in αZ, but expanding the weak density ρW to first order in q 2 . The evaluation proceeds in two steps. First, the singularity at the origin in F0(Z, Ee) is removed by replacing it by the function F (Z, Ee) based on the numerical solution to the Dirac equation for the outgoing electron in a finite size Coulomb potential, and evaluating it at r = 0
The functions L0, as well as F (Z, Ee), are tabulated in (44) . A less accurate, but much simpler analytic form of F0L0, accurate to about 1% for 30 ≤ Z ≤ 70 and Ee ≤ 8 MeV, is available in (45) . In the second step, in addition to using F (Z, Ee) in place of F0(Z, Ee), the finite nuclear size correction needs to be added. The finite size correction δ F S for Z = 46 and maximum electron orνe energy 6 MeV is plotted versus the electron kinetic energy. The full line is based on (43), the dashed line on (47) and the dot-dashed one on (48).
The two expansion methods, in αZ versus q 2 , lead to numerically similar results for uniform charge and weak density distributions of radius R, for which r (2) = 36 35 R, (41) . In Ref. (43) , uniform distributions were assumed and, ignoring constant terms independent of Ee, δF S becomes,
An identical value for δF S was obtained for allowed transitions in ref. (46) . In the latter reference it is noted that the magnitude of the finite size correction for uniform charge and weak densities is a factor of 1.3 smaller than that obtained assuming surface densities.
Terms that are higher order in αZ introduce small corrections that scale with R 2 , R/Ee and matrix elements of the operators r 2 [Y2 × σ] and σ × l. In ref. (47) the approximation of Behrens et al. is expressed in terms of an empirical analytic expression for allowed GamowTeller transitions. That formula was also applied in the reactor spectrum evaluation in (20) . A somewhat different but close formula was obtained in (48) , where an average for a uniform or surface weak density distribution was estimated in terms of the matrix element ratio σr 2 σ R 2 , and the finite size correction written as,
ZαREē hc
For a uniform (surface) distribution σr 2 σ R 2 = 3/5 (1). Ref. (19) followed this form and used δ (2)
ZαREē hc . In Fig. 5 three of the different forms for the finite size corrections δF S that have been used in the literature for a uniform density are compared. Only the energy dependent part of δF S is plotted; the energy independent component is irrelevant for the normalized spectra. These differences, as well as the assumptions that must be made in evaluating r (2) , suggest that a large uncertainty needs to be assigned to δF S for allowed GT transitions.
3.1.3. The Radiative Corrections. The QED corrections of the first order in α to both the electron andνe spectra in the β decay have been evaluated in Refs. (49, 50 ). An earlier version can be found in (51) . Only the energy dependent corrections to the electron andνe spectrum are relevant; only they affect the spectrum shape. They are of the form
where Eν = E0 − Ee and the functions h(Ee, E0) and g(Ee, E0) are defined in (49, 50) . We note that for the conversion of the electron spectrum to theνe spectrum only the difference h(Ee, E0) − g(Ee, E0) is relevant.
3.1.4. The Weak Magnetism Correction. The interaction of the out-going electron with the magnetic moment of the daughter nucleus leads to a weak magnetism correction. The form of the correction is determined by the interference of the magnetic moment distribution of the vector current JV = ∇ × µ with the spin distribution Σ of the axial current. Thus, there is no weak magnetism correction to Fermi or pseudo-scalar (0 − ) transitions. In the non-relativistic approximation the correction depends on nuclear matrix elements of the operators σ and l and for GT transitions has the form (40)
where µp − µn = 4.7 is the nucleon isovector magnetic moment. In principle, the matrix element ratio l σ needs to be evaluated separately for each transition. As an approximation, one can use the truncated orbital current (43) δW M ≈ 4 3
An analogous weak magnetism correction, without the relatively small term m 2 e /2E 2 e , was suggested in (48) and used in (19, 20) . In light nuclei it is possible to test the leading order term of weak magnetism correction δW M through its relation to the decay width of the M 1 γ-ray transition for isobaric analog states. A list of these cases can be found in Ref. (20), resulting in an average slope of 0.67 ± 0.26%, in a fair agreement with the above formula. It is impossible, however, to test δW M for the transitions of real interest, i.e. for the β decay of fission fragments. The estimate above, therefore, must be assigned a sizable uncertainty.
The effect of the corrections on the electron and antineutrino spectra is summarized in Fig. 6 . Since the spectrum for each fission fragment must be normalized to unity when integrated over all energies, the corrections increase the aggregate spectrum at some energies and lower it at other energies. In particular, below half the average end-point energy for all fission fragments, E0/2, the electron (antineutrino) spectrum is increased (decreased). Above E0/2, the electron (antineutrino) spectrum is decreased (increased)
(δF S + δW M ). A change in δF S or δW M to account for the uncertainties in these corrections would be directly reflected in a change in this slope. This point is important in assessing the statistical significance of the reactor anomaly, to be discussed later. 
Figure 6
The finite size δ F S and weak magnetism δ W M corrections result in an approximately linear increase (decrease) in the antineutrino (electron) spectrum above half the average end-point energy E 0 /2. The figure shows the ratio of the spectra with and without these two corrections, using the summation method and the ENDF/B-VII.1 database. The form of the corrections used here are those given in eqs. (7) and (14), and the Z and A values involved are taken from the database.
First forbidden β decays
In the ground states of fission fragments the least bound protons and the least bound neutrons are often in states of opposite parity belonging to different oscillator shells. For Table 2 The shape factors and leading-order weak magnetism corrections to allowed and first-forbidden decays from (43) . Gamow-Teller:
this reason about 30% of all β decays contributing to the reactor neutrino spectrum are forbidden decays. The forbidden decays tend to be more prevalent in the higher energy part of the aggregate spectra, where the phase space advantage wins out over the suppression due to the forbiddenness of the transitions, the latter nominally scaling with (pR) 2 ≪ 1. The selection rules for the first forbidden β decays are πiπ f = −1 and ∆J ≤ 2. In the leading order there are six relevant operators (43) , which can be reduced in the number of independent operators by invoking the conserved vector current and relating operators proportional to ∇/M τ to the operator rτ . Two of the operators, γ5 and α involve emission of the s 1/2 electrons, and hence the corresponding shape factor C(Z, E) = 1, as is the case for allowed decay. However, the four additional operators involve the emission of the p 1/2 state electrons, and C(Z, E) = 1 in these cases. The shape factors C(Z, E) for the six first forbidden operators are listed in Table 2 .
In the case of ∆J = 2, the unique first forbidden transition, only one operator can contribute, and corresponding shape factor is C(Z, E) = p 2 e + p 2 ν . For ∆J = 0 two operators contribute and for ∆J = 1 three. In general, the overall shapes factor C(Z, E) of such transitions depends on the magnitude and sign of the matrix elements of the different forbidden operators contributing to the transition. The situation is often even more complicated since |Ji − J f | ≤ ∆J ≤ Ji + J f so that in typical decays of an odd-A or odd-odd nucleus more than one ∆J contributes. For the even-even nuclei Ji = 0 and only one ∆J = J f is relevant in that case First forbidden β decays often exhibit spectra of similar shape to allowed decays. As pointed in ref. (52), this is likely the case whenever the Coulomb energy of the emitted electrons is much larger than its total energy at the nuclear radius, αZ/R ≫ E0/me, with R is expressed in the electron Compton wavelength units. This limit is often referred to as the ξ approximation, (52) . However, taking as an example the important decay of 92 Rb with αZ/R = 19.2, and E0 = 16.8me, αZ/R ∼ E0. For this and many of the high Q-value decays that dominate the aggregate spectra above 5 MeV, the ξ approximation cannot be used as guidance. Nevertheless, in the case of 92 Rb, at least, the measured β spectrum (53), dominated by the 0 − → 0 + ground state branch, has essentially an allowed shape. The QED or radiative corrections to the spectrum, δQED, depend only on the emitted electron energy. Hence δQED, defined in the eq. (12), is the same for forbidden transitions as it is for the allowed decays.
On the other hand, the weak magnetism corrections are operator dependent. They are listed for first forbidden transitions in ref. (43) . As noted above, δW M vanishes for ∆J = 0 operators. In particular, there is no weak magnetism correction for 0 − → 0 + transitions, and such transitions represent an important component of the antineutrino spectra, especially at high energy. The weak magnetism correction also vanishes for the vector current (Fermi) operator r, which is one of the operators responsible for the ∆J = 1 − transitions. Thus, in the absence of detailed calculations for the structure and combination of the matrix elements determining the 1 − transitions, the form of the weak magnetism correction that should be used is uncertain. The finite size correction for the first forbidden β decays is a complicated and so far not a satisfactorily resolved issue. Ideally a simple correction in terms of a formula of δF S , analogous to that for the allowed GT decay in the eq. (10), would be applied to each transition of a given ∆J. However, as in the case of the weak magnetism corrections, the finite size correction is operator dependent. Behrens et al. (44) addressed the problem by introducing corrections to the six basic operators, either in terms of additional radial integrals that have to be evaluated or as tabulated numerical corrections to the shape factors C(Z, E) (54, 55). In one application (56), the first forbidden decays of 136 Te and 140 Xe were evaluated both using the shell model and QRPA, and the nuclear finite size found to result in a reduction of the neutrino flux above the 1.8 MeV threshold of 2-5 % depending on the E0, but to be operator and ∆J dependent.
The lack of a comprehensive and/or single treatment for the nuclear size corrections for forbidden transitions, and its detailed dependence on the operators determining the transition, represents an important source of uncertainty in the aggregate fission antineutrino spectra.
The effect of the forbidden transition operator dependence on the deduced antineutrino spectrum using the conversion method has been examined in (43) . The measured (34) aggregate electron fission spectrum for 235 U was fit assuming either all allowed transitions or various combinations of the allowed and forbidden operators listed in Table 2 . Excellent fits to the electron spectrum were found in all cases, indicating that the electron spectrum cannot distinguish between these scenarios. However, the different treatments of the forbidden transitions lead to different antineutrino spectra, both in shape and magnitude at about the 4% level. Two examples, taken from (43) , are shown in Fig.7 , where in one case all transitions are assumed to be allowed, while in the second case the best fit results from about 25% forbidden decays. For the assumption of all allowed transitions, a systematic increase in the number of antineutrinos relative to Schreckenbach et al. (34) of about 2.5% was seen, while in the case that forbidden transitions were included no increase relative to that reference is found. The fit to the electron spectrum for 235 U (left) for two different assumptions on how to treat forbidden transition, and the ratio of the corresponding antineutrino spectra to that of Schreckenbach et al. (34)(right). The electron spectrum are fit assuming (a) all allowed GT branches and (b) 25% forbidden transitions, and both δ F S and δ W M were included. When folded over the neutrino detection cross section the case for all allowed (25% forbidden) transitions results in a 2.5% (0.06%) increase in the number of detectable antineutrinos. 
DETECTOR REACTIONν
In essentially all experimental studies of reactor neutrino oscillations theνe capture on protons is the detector reaction of choice, due to its relatively large cross section and the extremely convenient correlated signature of the positron emission followed by the delayed and spatially correlated neutron capture. Here we briefly review the corresponding cross section formulae. To zeroth order in 1/M the cross section is simply related to the neutron decay lifetime
where f R = 1.7152 is the neutron decay phase space factor that includes the Coulomb, weak magnetism, recoil and outer radiative corrections, but not the inner radiative corrections, and
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However, even for the reactor energies the corrections of the first order in 1/M should be included (57)
where ∆ = Mn − Mp and
(1)
Here f = 1 and g = 1.27 are the nucleon form factors at q 2 = 0, σ0 = (G 
Here f2 = µanom = 3.706 is the nucleon isovector anomalous magnetic moment.
Various forms of extension to all orders in 1/M are given in (57, 58) as well as in the classic review (59), where, however the threshold behavior is not properly included. Radiative corrections of order α/π were evaluated, e.g. in (60) . Their convenient numerical form given in (58) 
THE SHOULDER OR SO-CALLED "BUMP" IN REACTOR ANTINEUTRINO SPECTRA
All three recent large reactor experiments, Daya Bay, RENO, and Double Chooz (61, 62, 63) , observed a feature (or shoulder) in the experimental spectrum at 4-6 MeV of the prompt positron energy, Eprompt ≈ Eν +(Mp −Mn −Me)+2Me, relative to the predicted theoretical evaluation in the Refs. (19, 20) . The shoulder has not been observed in the measured fission electron beta-decay spectra (34, 35, 37, 38) . It was also not observed in the previous test of the reactor spectrum shape (9) . An example of the data, from the Daya Bay and RENO experiments, is shown in Fig. 8 . In case of Daya Bay, the measured spectrum deviates from the predictions by more than 2σ over the full energy range and by 4σ in the range 4-6 MeV. The other two experiments (RENO and Double Chooz) report similar data and similar significance. The spectral shape of the shoulder cannot be produced by the standard L/Eν neutrino oscillations dependence, independent of the possible existence of sterile neutrinos. In addition, it is too high in energy to be produced by antineutrinos emitted from neutron interactions with structural material in the reactor (65) or from the spent fuel. Its origin must be caused by the reactor fuelνe emission. In the context of the present review several questions need to be considered. What is the origin of this "bump"? Why was it not observed in the electron spectrum? Does its existence question expected/predicted reactor spectra in general?
The shoulder could have its origin in several effects that are not included, or not included accurately, in the reactor spectrum predictions (19, 20) . Many of the important decays are !""""""""""""""""""""""""""""""#""""""""""""""""""""""""""""""""$"""""""""""""""""""""""""""""""""%" """""""""""""""&'()*+",-.'/0"12.34""""""""""""""""""""""""""""""""""""""" 567("+("&'.89:7(-""""""""""""""""" forbidden, so that their shape factors and sub-dominant corrections might be different than assumed. Alternatively, the contribution of 238 U, that is only weakly constrained by the observed electron spectrum might not be accurate. The harder neutron spectrum in power reactors may lead to different fission fragment distributions than in the very thermal ILL reactor used for the electron fission spectra measurements (34, 35, 36) . Finally, the measured electron spectra themselves (34, 35, 36) , which represent the basis for the antineutrino evaluations (19, 20) , might be incorrect.
The reactorνe spectra are composed of β decays of hundreds of individual fission fragments, with ∼ 6000 individual decay branches. However, at the relevant energies, 4-6 MeV of prompt energy, corresponding to ∼4.8-6.8 MeVνe energy, relatively few (∼ 10-15) transitions determine 40-50% of the total spectrum, refs. (32, 64, 67) , and they are mostly forbidden transitions. The other more numerous decays that determine the remainder of the spectrum in the bump energy window each contributes less than 2%. It is, therefore, possible that the conversion from the electron to the high-energy component of antineutrino spectrum involved an inaccuracy that resulted in a shoulder.
Several possible origins of the bump have been identified and investigated by different authors (67, 65) , but it was generally concluded that, without further experimental investigation, it is impossible to determine which, if any or several, of the explanations are correct. However, several comments are in order, and we summarize the situation here.
Dwyer and Langford (67) used the ab initio summation method to construct the electron and antineutrino spectra from the ENDF/B-VII.1 fission yield and decay libraries, assuming allowed shapes and including the corrections discussed above. They observed that the ENDF/B-VII.1 library predicted a shoulder or "bump" very similar to that observed (61, 62, 63) . In addition, they showed that a corresponding bump was predicted relative to the original measured (34, 35, 36) aggregate fission electron spectra. This explanation would, therefore, suggest that the measured electron spectra are incomplete, i.e. the shoulder was missed somehow in the measurements.
In the ab initio summation method the necessary input are the fission yields, and two standard fission-yields libraries, JEFF-3.1.1 and ENDF/B-VII.1 differ (65) significantly in the predicted yields of several nuclei dominating the shoulder region. In particular, the JEFF-3.1.1 library fission yields does not predict (65) a "bump" for the Daya Bay or RENO experiments, and agrees reasonably well with the measured electron spectra. A recent critical review (64) of the ENDF/B-VII.1 yields for 235 U uncovered erroneous yields for 86 Ge and all of its daughters, and showed that this error was generating excess of strength in both the predicted electron and antineutrino spectra at 5-7 MeV. When this problem was corrected, along with other less critical updates to the library, the predictions of the two databases are considerably closer, and agree within 6% at all energies. Most significantly, neither database (corrected ENDF or JEFF) now predict a bump relative to the measured 235 U aggregate electron fission spectrum, Fig. 9 . Thus, at present, there is no evidence that the original measurements of the electron spectra are the origin of the bump.
An alternate source of the bump might lie with the conversion of the measured electron spectra to antineutrino spectra, which would point to the shoulder being produced by the approximations made for the corrections and/or for the forbidden transitions. However, this latter possibility can be mostly ruled out, (see ref. (65)), by examining the expected change in the bump region of spectrum for different treatments of the forbidden transitions. For example, three fission fragments that dominate in the bump region, 92 Rb, 96 Y and 142 Cs, all involve 0 − → 0 + decays and, thus, have no weak magnetism correction. Since Figure 9 The ratio of the database predictions to the measured (34, 35) electron spectrum for 235 U. Neither JEFF nor the corrected ENDF/B database predicts a bump relative to the measured electron spectrum. the weak magnetism correction is opposite in sign to the finite size correction, a proper treatment of weak magnetism is important. There are two ∆J = 0 − operator, one GT and one proportional to the axial charge ρA, each with different shape factors, C(Ee). Thus, there is considerable uncertainty as to how to treat these transition. To test this no weak magnetism and no shape correction was applied in one case to these three transitions and. In the second case no weak magnetism and the shape correction for a purely GT 0 − .
The first treatment leads to a small increase in the antineutrino spectrum above about 4 MeV, which is a maximum of 1% at 8 MeV, while the second leads to a suppression in the energy region of interest. Thus, it was concluded in ref. (65) that a proper treatment of weak magnetism for forbidden transitions cannot account for a significant fraction of the shoulder. At present, the two most likely sources of the bump seem to be 238 U or the hardness of the neutron spectrum. In the case of 238 U, there are a few observations worth commenting on. First, 238 U represents about 12% of the total fissions at RENO, compared to 7.6% and 8.7% at Daya Bay and Double Chooz, respectively, and the bump seen at RENO is larger than in the other two experiments. Also, the 238 U spectrum is considerably harder in energy than that of the other actinides, which results in 238 U contributing about 24% (15%) of the spectrum in the bump region for RENO (Daya Bay). Second, both the ENDF/B-VII.1 and JEFF-3.1.1 libraries predict a bump relative to the 238 U antineutrino spectrum of Mueller (19) and of the recent measurement of Haag (38) , as shown in Fig. 10 . Thus, without experiments designed to isolate the contributions from each actinide to the shoulder, 238 U The ratio of the JEFF-3.1.1. antineutrino spectrum for 238 U to that of Mueller (19) and Haag (38) . As can be seen,JEFF predicts a bump relative to the predictions of both Mueller and Haag, with the latter bump being the larger. Double Chooz use the Haag 238 U antineutrino spectrum, and JEFF-3.1.1 predicts a bump relative to Double Chooz, see ref. (65) . cannot be ruled out as a significant source of the bump. Finally, the effect of the hardness of reactor neutron spectrum on the antineutrino spectrum has never been tested directly. The databases generally predict this to be a small effect. Nonetheless, the PWR reactors used by Daya Bay, RENO and Double Chooz are harder in energy than the thermal spectrum of the ILL reactor, and involve considerably larger epithermal components. In the epithermal energy region the fission yield distributions can be resonance dependent (68) . If epithermal fission is a significant source of the bump, one might expect it to be most pronounced in 239 Pu, since there the first epithermal fission resonance at En=0.32 eV is quite isolated and strong, and it can account for as much as 25% of the total plutonium fission in some pressurized water reactors. Thus, any experimental tests of the variation of the yields of the dominant fission fragments with neutron energy would be very valuable in addressing this issue.
The existence of the "bump" has little effect (69) on the extraction of the neutrino oscillation parameters from the reactor experiments. In addition, it could be entirely uncorrelated with the "reactor anomaly". However, it raises the very serious question of how well the antineutrino spectra are known, and suggests that estimated uncertainties at the 1-2% are too optimistic.
THE REACTOR ANOMALY AND NEW EXPERIMENTS
The total yield ofνe capture on protons measured in all past reactor experiments is lower than the predictions of Refs. (19, 20) , a finding which is generally referred to as the "reactor neutrino anomaly". The present status is illustrated in Fig. 11 where the older data are shown, together with the more recent high statistics result from the Day-Bay experiment (61) . For the Daya-Bay experiment alone the ratio of the measured to expected yield is 0.946±0.022. A global fit, that includes all past measurements, results in the ratio R = 0.942 ± 0.009(exp) ± 0.025(model), when corrected for the known neutrino three-flavor oscillations. The average value of R is well determined, and the experimental uncertainty is substantially smaller than the model uncertainty assumed in (19, 20) . Taking the quoted uncertainty in the model predictions at face value, the global value of R suggests reactor νe disappearance as close as L < 10 m. Such short baseline disappearance cannot be accommodated within the standard 3 − ν mixing model, and hence the phrase 'reactor anomaly'.
The reactor anomaly is one of several experimental results that contradicts the standard three-flavor neutrino oscillation paradigm. Other experiments, including LSND (70), MiniBooNE (71), SAGE (72) and GALLEX (73), indicate non-standard νe disappearance or νµ → νe appearance, albeit with the statistical significance of only ∼ 3σ. The common feature of such anomalies is that the parameter L(m)/Eν(MeV) is of the order of unity, and this similarity in L/Eν has led to a proposed explanation involving one or more additional neutrino types, i.e., sterile neutrinos. Clearly, this is an issue of fundamental importance, potentially a source of the long sought after "physics beyond the standard model".
It is beyond the scope of the present review to describe all of the experiments that comprise the current neutrino anomalies and their interpretation. However, detailed discussions, including a description of the experiments and their analyses, are provided in Refs. (74, 75) . The possible existence of sterile neutrinos has to be confirmed or ruled out with new experiments, and a comprehensive discussion of the issue is provided in the white paper (76) . Here we concentrate on aspects of the problem related to reactor neutrinos, where the experimental data are quite firm, but the expectations depend on an assumed reactor spectrum, involving uncertainties that are difficult to determine reliably. These uncertainties and the associated complications are discussed in a separate section of this article.
Quite generally, |∆m To test the short baseline oscillation sterile neutrino hypothesis it is necessary to perform experiments sensitive not only to the total flux, but more importantly to the oscillation pattern in Eν or L. For reactors this translates into the distance between the neutrino source and the detector being between ∼1-15 meters; at larger distances the oscillatory behavior would be washed out. The statistical and systematic uncertainties of new experiments have to be at the level of few percent for a definitive result. A number of reactor experiments that fulfill these criteria have been proposed. They are at different stages of planing, funding, and construction. The same sterile neutrino hypothesis can be also tested with strong radioactive sources at similar distances or with accelerator neutrinos at proportionally larger distances, and there are also a number of proposed experiments of this type.
The new reactor experiments, with planned high statistics and low systematic uncertainties, would also provide very significant and valuable tests of the reactor antineutrino spectrum in general. Some of the experiments will use research reactors based on the highly enriched 235 U fuel, and have the additional advantage of a compact-sized reactor core. Thus, the 235 U spectrum can be isolated and well-determined, and if statistics are good enough, the "bump" feature explored. Experiments are planned at highly thermal neutron flux reactors and at higher neutron temperature reactors, and comparisons between these will be important in shedding light on the role of epithermal neutrons in determining the antineutrino spectrum. When combined with the results from power reactors it should be possible to isolate the spectra of the other reactor fuels to much better accuracy that is currently possible. The results of such tests would also benefit the Applied Antineutrino Physics (27) aimed at monitoring reactor operations and fuel content.
Multiple very short-baseline reactor (VSBR) experiments are described together in Refs. (77, 78) . They have been proposed globally; in the US (PROSPECT, NuLat), Belgium(SoLid), France (NUCIFER, STEREO), Russia (DANSS, NEUTRINO-4, POSEI-DON), and Korea (HANARO). Generally, since the VSBR experiments are at shallow depth, and necessarily near the reactor cores, control of the backgrounds is a challenging task. The detectors are usually Gd loaded or 6 Li loaded liquids. While the Gd-liquid scintillator technology is mature, the 6 Li has the advantage that the neutron capture produces an α particle and triton. This provides a good localization of the delayed signal and additional pulseshape discrimination. Within few years of data taking, the parameter region suggested by the anomalies should be well-covered and the experiments should be in a position to make definitive statements on the possible existence of light sterile neutrinos.
UNCERTAINTIES IN THE ANTINEUTRINO SPECTRA
For many neutrino oscillation analyses the uncertainties in the expected antineutrino spectra are as important as the spectra themselves. As discussed above, the expected spectra can be derived by two main methods, by summing all of the individual transitions that make up the spectrum using the nuclear databases as input, or by converting a measured aggregate fission electron spectrum to an antineutrino spectrum. The issues determining the uncertainties are somewhat different in the two case.
The summation method requires knowledge of both the decay spectra and fission yields for all of the fragments determining the spectra, and both inputs involve uncertainties. For the decay of individual nuclei, the databases are incomplete because about 5% of the nuclei are sufficiently far from the line of stability that no measurements of the spectra are available. Thus, summation methods must rely on some modeling to account for the missing spectra. A model for the spectrum of each missing nucleus is provided by ENDF in terms of a continuous spectrum, which is derived from nuclear structure calculations. The model (88, 89) is an extension of the Finite-Range Droplet Model plus Quasi-particle Random Phase Approximation, tuned to account for the so-called pandemonium effect (90) (viz., a very large number of low-energy beta decays to the many high-lying excited states of the daughter) as well as forbidden transitions, and is supplemented by the nuclear structure library ENSDF (91) where appropriate.
For many of the nuclei with decay measurements, the decay schemes are uncertain and the spin and parity ∆J π involved in the transition is unknown for many branches. In addition, since about 30% of the transitions are forbidden, the finite size δF S and weak magnetism δW M corrections and the shape factors C(E, Z) applied to these transitions must be assigned large uncertainties. For all forbidden transitions the finite size has been approximated to-date. The radius determining the finite size correction involves both the weak transition density ρW and the charge density ρ ch . Under the assumption that ρW = ρ ch , we recover eq. (7). However, the radius describing the finite size corrections is nuclear structure dependent. Several density or radius approximations have been made in the literature (92, 93, 94) , and these differ from one another by about 50%. Thus, we place a 50% uncertainty on the allowed finite size correction. For forbidden transitions, a general analytic expression for the form of the finite size corrections has not been derived. A treatment to leading order in q 2 has been derived in (44) , but it involves calculating several nuclear structure dependent matrix elements. Thus, we place a 100% uncertainty on the finite size correction to forbidden transitions.
The weak magnetism correction also involves some uncertainty. There are two-body meson-exchange current corrections that are nuclear structure dependent. These are typically of the order of 10-20% corrections. In addition, as the weak magnetism correction involves matrix elements of both σ and ℓ, and, in the absence of detailed nuclear structure calculations, some assumption must be made about ℓ . For the allowed and uniquely forbidden weak magnetism corrections we assign a correction of 20%. For the non-unique forbidden 1 − transitions we suggest an uncertainty of 25% to take account of the fact that δW M depends on the operator. In the case of ∆J = 0 − , 1 − , more than one shape factor can contribute and the combination is nuclear structure dependent. Based on comparisons of the total antineutrino spectra computed using different choices of these C(E, Z), we estimate the uncertainty to be about 30%. The database fission yields are also uncertain for many important nuclei, and differences (65) between the JEFF-3.1.1 and ENDF/B-VII.1 evaluated yields of these nuclei were found to be as much as 20-50%. A more recent review and revision of the important fission yield in the ENDF/B-VII.1 database by Sonzogni et al. (64) has brought antineutrino spectrum predicted for 235 U by JEFF and ENDF databases to within better than 6% of each other over most all of the energy range relevant to reactor neutrino experiments. The two databases do deviate significantly between Eν =7-8 MeV, but this energy window represent only a small fraction of the observed total. Up to about 4.5 MeV, ENDF/B is lower than JEFF, but above this energy JEFF drops steadily, becoming more than a factor of 1.5 lower than ENDF/B. Both databases are lower than the measured antineutrino spectrum for 235 U over the energy range Ee = 1.5 − 7.5 MeV, although this may reflect the need to further correct the databases for the so-called pandemonium effect. While it is difficult to estimate the uncertainty in the database fission yields, we tentatively place the uncertainty arising from their contribution to the summation method at ∼ 10%, motivated in part by the good comparisons to decay-heat (95) and the work of (64) .
Though many of the uncertainties in Table 3 also apply when converting a measured electron spectrum to an antineutrino spectrum, the situation is somewhat different. This is because the fit must reproduce the electron spectrum, even if the finite size correction is changed by, say, 50%. In ref. (43) different assumptions were made about which weak magnetism and shape factors should be applied to the non-uniquely forbidden component Table 3 The estimated uncertainties for the ingredients that make up the aggregate antineutrino spectra when the summation method is used. These estimates are subjective and are bases on the the educated guess of the authors. of the spectrum and with fits to the electron spectrum of equal statistical accuracy, the antineutrino spectrum was found to vary by 4%. In the latter work, only expressions listed in Table 2 were used for δW M and C(E, Z), i.e., no uncertainty was included. In addition, the finite size correction was kept as in eq. (7). To determine the full effect of the uncertainties that apply to a conversion from a measured electron spectrum to an antineutrino spectrum, listed in Table 3 (not including the last two listings), requires a detailed multi-parameter sensitivity study. In the absence of such a study, we tentatively place a 5% uncertainty on the conversion method.
SUMMARY AND FUTURE DIRECTIONS
Nuclear reactor neutrino experiments have played a central role in neutrino physics since the 1950s. Despite the complexity of the spectra of antineutrinos emitted from reactor, namely, that they result from thousands of beta-decay branches of unstable fission fragments, the spectra were determined reasonably accurately already in the 1980s. However, today's neutrino oscillation studies have reached a precision such that there is a need to know the spectra to much higher accuracy, i.e., to considerably better than 5%. For example, the reactor neutrino anomaly which suggests the existence of a ∼ 1 eV sterile neutrino, represents a 6% discrepancy between expected and observed number of detected antineutrinos in all short baseline experiments. The total signal rate is experimentally determined to better than 1% accuracy. The statistical significance of the discrepancy, however, crucially depends on the uncertainty in the expected spectra.
In this review we have attempted to summarize the experiments and models that have constituted the "expected" spectra and how these have evolved over the years. Determining the uncertainties in the expected spectra is quite difficult and there are many issues involved. In general, conversion of measured aggregate electron fission spectra provide more accurate determinations of the antineutrino spectra than do predictions from the databases. The database calculations do, however, provide a very important means of estimating the relative importance of theoretical corrections to the spectra and their uncertainties. In examining these and the underlying theories used to derive the corrections, we estimate that the uncertainty in antineutrino spectra derived by the conversion method are about 5%. The uncertainties in the summation method are considerably worse and at least in the upper part of the antineutrino spectrum are probably up to the 20% level. We emphasize that these are our subjective estimates. They are based on educated guesses and they do not represent statistical variances.
Improving on the theoretical inputs to the spectra will be challenging. Thus, there is a clear need for new experiments. Ideally, these should involve more than one reactor design and fuel enrichment, because the remaining issues will require an better understanding of the role of the hardness of the reactor neutron spectrum and of the four individual actinides that make up total spectra. For the bump energy region, better measurements of the 238 U spectrum would be particularly valuable.
Figure 11
The measured reactor rate, normalized to the prediction of (19, 20) plotted as a function of the distance from the reactor core. The rate is corrected for the 3-flavor neutrino oscillation at each baseline. The data at the same baseline are combined for clarity. The Daya-Bay measurements are shown at the flux-weighted baseline (573 m) of the two near halls. Reproduced with permission from (61) .
